Background and Objectives: Intraneural injection can be seen as nerve expansion during ultrasound-guided regional anesthesia. The purpose of this animal study was to determine if nerve expansion seen on ultrasound during intraneural injection results in nerve injury.
Methods: Ten pigs underwent general anesthesia for this randomized control study. After skin incision, the right and left median nerves for each animal were randomly assigned to the local anesthetic (LA) side or control side. For the LA side, a needle was placed intraneurally under direct vision. Nerve expansion seen on ultrasound was produced by injecting up to 20 mL lidocaine 2% with epinephrine intraneurally. For the control side, no needle puncture or injection was administered. The primary outcome was histologic evidence of nerve injury (axonal retraction balls) on the seventh postoperative day after intraneural injection seen as nerve expansion on ultrasound. Correlation coefficients were calculated between the maximum volume injected, maximum injection pressure, degree of nerve expansion, and histologic and functional nerve injury.
Results: Six nerves from the LA side and none from the control side had histologic evidence of injury (P G 0.01). All 10 nerves from the LA side exhibited histologic evidence of inflammation compared with 3 from the control side (P G 0.005). No pigs exhibited functional nerve injury. We were unable to demonstrate any correlation between the maximum volume injected or pressure generated and the relative increase in nerve cross-sectional area or the graded presence of any histologic markers of inflammation or injury.
Conclusions: This animal study suggests that nerve expansion seen on ultrasound during intraneural injection of clinically relevant volumes of LA results in histologic but not functional nerve injury.
(Reg Anesth Pain Med 2010;35: 132Y139) N erve injury after regional anesthesia, albeit uncommon, can have devastating consequences. 1 Intraneural injection of local anesthetic (LA) has been associated with histologic and/or functional nerve damage. 2Y6 Presently, our ability to detect unintentional needle puncture and/or injection inside a nerve remains limited. Conventional surrogate methods to detect intraneural injection can be misleading. Subjective reports of paresthesia during nerve localization or pain upon LA injection is not a reliable warning signal even in awake patients. 3, 7 Nerve stimulation may be equally unreliable to detect intraneural needle placement because the threshold safety current has not yet been firmly established. 8Y13 Recently, it has been suggested that high injection pressure measurement may predict intraneural needle placement 6 ; however, intraneural injection often occurs with lower injection pressures. 2 A reliable method of detecting intraneural injection to prevent nerve injury during peripheral nerve blockade remains elusive. We recently completed a preliminary animal study ( phase 1), which demonstrated that intraneural injection in the smallest amounts reliably produces nerve expansion seen on ultrasound. 12 The present animal study ( phase 2) aimed to determine whether nerve expansion seen on ultrasound during intraneural injection of a clinically relevant volume of LA results in nerve injury. We hypothesized that nerve expansion seen on ultrasound leads to histologic nerve injury and functional neuropathy.
MATERIALS AND METHODS
This was a prospective, randomized, controlled study. After Institutional Animal Care Committee approval, 10 Yorkshirecross pigs (weight, approximately 55Y60 kg) were included in the study. All animal housing, acclimatization, care, and surgical procedures were in accordance with the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals and the Animals for Research Act and Canadian Council on Animal Care guidelines. All eligible animals were examined clinically by a veterinarian for evidence of musculoskeletal or neurologic disease, which resulted in exclusion from the present study.
All animals were premedicated with ketamine (30 mg/kg) and atropine (0.04 mg/kg). Preoperative antibiotics included penicillin G (7500 IU/kg) and enrofloxacin (2.5 mg/kg), and general anesthesia was induced with isoflurane by mask. Endotracheal intubation was performed using a 6.5 to 7.0 mm cuffed endotracheal tube, and anesthesia maintained with isoflurane (2%Y2.5%) and oxygen. Intravenous hydration was provided at 5-to 10 mL/kg per hour through an ear vein. Body temperature was maintained by a hot-water blanket, and a lingual pulse oximeter and noninvasive radial blood pressure cuff were applied.
For each animal, the right and left forelimbs were randomly assigned to the LA side or the control side using a computergenerated randomization sequence.
On the LA side, we performed an ultrasound scan of the forelimb above the elbow using a 6-to 13-MHz linear array probe (SonoSite M-Turbo; SonoSite, Bothell, Wash), and the median nerve equivalent was identified lateral to the axillary artery. The cross-sectional area (CSA) of the median nerve was measured on the ultrasound monitor using the following formula for ellipsoid structures: D1 (ie, major diameter) Â D2 (ie, minor diameter) Â 3.14 / 4.
14,15 A 4-to 5-cm incision was made along the medial border of the limb, and the median nerve was identified and isolated ( Fig. 1) . The skin and overlaying muscles were carefully dissected without disrupting the nerve. The nerve was minimally exposed with extension of dissection 2 cm proximal and 2 cm distal from the site of injection. An intentional intraneural puncture was made under direct vision into the median nerve as follows: a 22-gauge, 80-mm insulated needle (UniPlex Nanoline cannula with facet tip; Pajunk, Geisingen, Germany) was inserted into the median nerve. The identity of the median nerve was further verified by the elicitation of hoof flexion when the needle tip was placed adjacent to the nerve with the peripheral nerve stimulator (Stimuplex HNS11; B. Braun Medical, Bethlehem, Pa) set at 0.2 mA, 1 Hz. A solution consisting of preservative-free lidocaine 2% with 1:200,000 epinephrine was injected through the needle at 0.25 mL/sec (15 mL/min) 6, 16 via an automated infusion pump (Graseby 500;
Graseby Medical, St Paul, Minn) to a maximum of 20 mL or until extraneural leakage was evident by direct inspection. Intraneural injection was monitored and confirmed by real-time ultrasound imaging. A small 15-MHz linear array probe was placed directly over the median nerve before, during, and after injection. Using this imaging technique, our previous experience revealed that intraneural injection (ie, nerve expansion) is readily detectable following as little as 1 mL of injectate.
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Video images were captured for nerve diameter measurement before and after ( Fig. 2) intraneural injection. Finally, injection pressures were measured using an in-line digital manometer (DPM 2 Universal Biometer; Fluke Biomedical, Everett, Wash) and were documented every second for the duration of injection. For the control side, a similar 4-to 5-cm incision was made along the medial border of the limb, and the median nerve was identified. The skin and overlaying muscles were carefully dissected without disrupting the nerve. No needle puncture or injectate was administered.
The bilateral incisions were sutured closed, and the animals awakened and extubated. Each animal received buprenorphine (0.005 mg/kg) postoperatively.
On postoperative days (PODs) 1, 2, and 7, animals were examined by a veterinarian (M.M.) or single delegate blinded to group allocation for any evidence of forelimb neuropathy. The blinded veterinarian rated forelimb sensory and motor deficit for each side according to a standardized checklist (Appendix I) developed in collaboration with staff at the Animal Resources Centre of the University Health Network. Briefly, sensory testing was evaluated by response to pain and assessment for proprioceptive deficits. Specifically, pain was elicited using a 25-gauge hypodermic needle to gently prick the unrestrained pig on the medial and lateral aspects of the forelimbs. A normal response to pinprick was defined as vocalization and/or withdrawal of the ipsilateral forelimb. Proprioception was assessed in walking position by knuckling and forelimb misplacement. Knuckling involved manually flexing the pig's forelimbs at each elbow joint. Each forelimb was assessed separately after it was manually flexed and placed close to the ground in a knuckled position. A normal response to knuckling was defined as avoidance of weight bearing on the knuckled forelimb and active extension of the forelimb by the pig.. Limb misplacement involved manually advancing each forelimb to an exaggerated forward position. A normal response to limb misplacement was defined as active retraction of the ipsilateral forelimb by the pig back to its original position and walking away. Motor function was evaluated separately by tone, C indicates control group; CSA, cross sectional area; LA, Local Anesthetic group; max, maximum; N/A, not applicable. Data are presented as Spearman correlation coefficient, r and 95% confidence intervals. Statistically significant correlations appear in bold. *Adjusted P value using Bonferroni correction for multiple comparisons.
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CSA indicates cross-sectional area; max, maximum; min, minimum.
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Nerve Expansion and Intraneural Injection * 2010 American Society of Regional Anesthesia and Pain Medicine atrophy, and gait. Tone was assessed by gently pushing the pig's upper torso from one side to the other, whereas muscle atrophy of each forelimb was assessed by visual inspection and hand palpation. Gait was assessed by prompting the pig to circle. A normal response was defined as circling around the assessor when the assessor stood in the pig's path. On the seventh POD, the animals underwent an identical general anesthetic to the one they had received 1 week prior. The median nerves (approximately 5-cm longitudinal segment) bilaterally were excised, and their distal ends marked by a suture for histologic examination. The specimens were fixed in 10% neutral buffered formalin, sectioned longitudinally, and embedded in paraffin using routine protocols for surgical pathology. Sixmicrometer-thick sections were stained with hematoxylin and eosin through the grossly identified injection sites. For each nerve, at least 3 step sections separated by 100 Km were examined by a neuropathologist blinded to group allocation (T.-R.K.) for evidence of nerve inflammation and injury.
Immediately after nerve harvesting, the animals were euthanized with Euthanyl 60 mg/kg (240 mg/mL pentobarbital sodium) intravenously.
Outcome Measures
The primary outcome for this study was histologic evidence of nerve injury, defined as the presence of axonal retraction balls, on the seventh (final day) after intraneural injection seen as nerve expansion on ultrasound. In addition to the primary outcome measure, histologic examination sought evidence of nerve inflammation, defined as the presence any one of intraneural macrophages, lymphocytes, neutrophils, granulation tissue, or reactive fibroblasts. The presence of each histologic marker of inflammation and injury was graded on a 3-point nominal score: 0 = no presence, 1 = some presence, and 2 = significant presence. Other secondary outcome measures included intraneural injection pressure, degree of nerve expansion as visualized by ultrasound (expressed as percentage of increase in nerve CSA), and functional evidence of nerve damage (Appendix I).
Sample Size Calculation
Assuming that the incidence of histologic nerve injury in the LA group is 90% and the control group is 5% (due to incidental nerve injury during dissection), using the McNemar test for matched samples (NCSS/PASS 2000 Dawson Edition; NCSS, Kaysville, Utah), we calculated that 10 animals (10 samples per group = 20 samples in total) were required to detect a significant difference in the presence of histologic nerve injury (ie, axonal retraction balls, score Q1) between groups with a type I error rate of 0.05 and power of 0.80.
Statistical Analysis
Data were analyzed using SPSS 11.0 for Windows (SPSS Inc, Chicago, Ill). The W 2 test was used for frequency count data. Spearman correlation coefficients (r) were calculated to evaluate associations between continuous and categorical outcome measures including maximum volume injected; maximum pressure generated; relative increase in CSA; and graded presence of intraneural macrophages, lymphocytes, neutrophils, granulation tissue, reactive fibroblasts, and axonal retraction balls as visualized by histologic examination. The 2-tailed McNemar test for dependent proportions was used to test the statistical difference between proportions. Significance was considered at P G 0.05. The Bonferroni correction was applied and reported when multiple comparisons were performed. FIGURE 3. Histopathologic features in median nerve (7 days after injection). A, Low-magnification view of a nerve with 2 fascicles (F, center). The location of epineurium and perineurium is highlighted by arrows (E and P, respectively). Between these is a slightly hypercellular zone that contains many small inflammatory cells. B, Magnification of a small blood vessel from the upper right corner of A reveals intravascular and perivascular neutrophils (indicating acute inflammation). C, Extensive chronic inflammatory infiltrates are a frequent feature in nerves injected with LA. The inflammatory reaction is mostly lymphoplasmocytic. D, Intraneural lipid-laden (''foamy'') macrophages (arrows) signify focal tissue destruction and phagocytosis. E, The presence of axonal retraction balls (arrows) demonstrates focal axonal degeneration. F, Proliferating fibroblasts and small blood vessels are seen adjacent to the epineurium. Copyright @ American Society of Regional Anesthesia and Pain Medicine. Unauthorized reproduction of this article is prohibited.
RESULTS
One animal was excluded before randomization because of an abnormal initial screening assessment.
The minimum volume injected intraneurally was 10 mL before extraneural leakage. The maximum volume injected intraneurally was 20 mL (Table 1 ). There was no significant correlation between the maximum volume injected or the maximum pressure generated and the relative increase in nerve CSA immediately after the completion of intraneural injection (Table 2) .
No pig demonstrated any functional, sensory, or motor deficit on PODs 1, 2, or 7.
After nerve harvest, 6 nerve specimens from the LA side and none from the control side demonstrated histologic evidence of nerve injury (P G 0.01) (Table 1; Fig. 3 ). All 10 nerves from the LA side exhibited histologic evidence of inflammation compared with 3 from the control side (P G 0.005). The most frequent inflammatory changes from the LA side were lymphocytic infiltration (9 nerves) and granulation tissue (9 nerves), whereas the least frequent finding was macrophages (5 nerves).
There was no significant correlation between the maximum volume injected or the maximum pressure generated and the graded presence any of the histologic markers of inflammation or injury (Table 2) .
DISCUSSION
The results of this animal study suggest that nerve expansion seen on ultrasound during intraneural injection of a clinically relevant volume of LA results in histologic evidence of nerve injury but does not necessarily translate into functional neuropathy up to 7 days postoperatively. These findings are in keeping with the experiences of our group and others in the human clinical and animal laboratory settings, whereby suspected intraneural injection of small amounts of LA is visualized as nerve expansion on ultrasound either in real-time or in retrospect, yet no functional neurologic deficit ensues.
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Such observations presumably stem from violation of the epineurium only, whereas the perineurium (ie, intrafascicular component) remains intact. Indeed, intrafascicular LA injection has been associated with both histologic 5, 6, 22, 23 and functional 6 nerve damage. In view of the potential for dye, ink, or similar histologic markers to cause severe granulation, we were unable to categorically differentiate between extrafascicular and intrafascicular injection under the present study conditions. It is plausible that the incidence of functional neuropathy and the extent of nerve injury depend on the number of fascicles damaged during nerve puncture and intraneural injection, which may in turn vary with the needle type (ie, sharp vs blunt tipped) and angle of needle insertion. Blunt-tipped needles may be less likely to puncture the perineurium. 12, 24 Moreover, a needle puncture near parallel to the long axis of the nerve, such as that used in the present study, may damage only a small number of fascicles, whereas needle puncture perfectly perpendicular to the long axis on the nerve may pierce multiple fascicles. Finally, it is likely that different nerves contain different amounts of nervous tissue relative to connective tissue. 25 We observe evidence of such in our daily practices as differences in nerve echogenicity, believed to be due to varying amounts of connective tissue. It is precisely the extent of connective tissue development within the nerve that may permit intraneural injection without clinical sequelae in some nerves but not in others. 24 It is also possible that this same connective tissue disperses the injection pressure and thus limits potential injury originating from intraneural injection, whereas nerves with less connective tissue may not be as forgiving. Indeed, in the present study, expansion along the long axis of the nerve was often and easily visualized under direct vision during intraneural injection, which likely dispersed some of the force from injection and thus may have prevented deleterious pressure-related damage. Furthermore, leakage of LA along the needle tract is also a likely relief mechanism that protects nerves from high intraneural pressure. In the present study, we were able to achieve full injection (ie, 20 mL) in only 2 of the 10 nerves on the LA side as LA began to leak from the nerve along the needle tract before our injectate goal volume was achieved.
Recent data suggest that high injection pressures (Q25 psi) may predict histologic and functional nerve injury after intraneural injection. 6, 26 Unfortunately, under the present study conditions, neither the maximum volume injected nor the maximum pressure generated was associated with the relative increase in nerve expansion seen on ultrasound during intraneural injection. Moreover, we recorded peak injection pressures well below 25 psi, yet 7 of 10 nerve specimens from the LA side exhibited axonal damage. Differences in study methodology may at least partially account for differences in study outcomes as Hadzic and colleagues 6 used long-beveled, sharp, 25-gauge hypodermic needles, which were inserted intrafascicularly into canine sciatic nerves under light microscopy, with a slow injection rate of 1 mL/15 secs (4 mL/min). We speculate that the maximum pressure measured during intraneural injection in the present study was blunted by the spread of injectate along the longitudinal axis of the nerve as well as extraneural leakage along the needle tract, both of which are consistent with our previous observations. 12 It is indeed possible that injection pressures greater than 25 psi are required before clinical deficit ensues. This may also explain the absence of functional deficit in the present study; however, the association between injection pressure and nerve injury is unclear and remains a subject of further investigation.
Our study has several limitations. First, there are likely species differences in neural architecture between humans and animals and likely differences within the same species depending on the anatomic locations of the nerves studied. Important differences in biologic responses also vary depending on the living status of the study subjects, as cadaveric studies are not necessarily predictive of functional deficit. 24 To that end, our study did not capture any functional and histologic changes that might occur weeks or months after intraneural injection. Furthermore, our functional assessment tool may not have been sensitive enough to detect subtle (ie, subclinical) motor and sensory neurologic deficits. We were also unable to identify the individual contributions of each potential mechanism of nerve injury (ie, mechanical needle trauma, LA neurotoxicity, and neural ischemia) after intraneural injection. Indeed, it is quite possible, if not probable, that the mechanisms of inflammation and/or injury produced under the present study conditions were multifactorial in origin. Finally, the needle type used in the present study may have characteristics (eg, flow, sharpness) that differ from other commonly used needles, thus limiting the generalizability of our results.
In summary, this animal study suggests that nerve expansion seen on ultrasound during intraneural injection of clinically relevant volumes of LA results in histologic but not necessarily functional nerve injury. Under the present study conditions, the relative increase in nerve CSA as visualized by ultrasound did not predict histologic or functional nerve injury. The safety of intraneural injection in humans remains a subject of future investigation.
